Abstract-The large increase in wind generation could improve the final development of wind systems with brushless doubly-fed induction machines (BDFIM) as an alternative to the doubly-fed asynchronous machines. For this reason, a detailed study of several aspects of the BDFIM design, as well as of its rotor configuration, is absolutely essential. In this paper, the authors present an alternative formulation of the BDFIM operating principle in synchronous mode. Besides the basic equation of the machine operation, it presents as main advantage the precise characterization of all the magnetic field components in a BDFIM with idealized stator windings and an idealized rotor cage. Based on this formulation, the paper provides a standard that may be used to compare the fields created by different real BDFIMs. This standard has been validated by laboratory tests.
I. INTRODUCTION
T HE USE of asynchronous motors in variable-speed drives constituted an important challenge until the development of frequency converters. A few techniques were developed, however, before the industrial application of these converters. The cascade connection of slip-ring machines with a common shaft, developed by Steinmetz and Görges, was one very good alternative.
During the 20th century, the cascade connection concept was continuously improved. The most important evolution was the development of the cascade connection concept in a single machine, called "self-cascade machine" [1] , whose stator configuration was presented in [2] . The last notable enhancement was the simplified electrical rotor circuit proposed in 1970 [3] , which remains to this day.
From then, the study of the self-cascade machine waned until the early 1990s, when the possibility of using this machine as an alternative to the doubly-fed asynchronous machine (DFAM) was considered in variable-speed drives. In this way, in 1991, a mathematical model was developed for the "self-cascade machine" called "cage-rotor brushless doubly-fed machine" [4] . In 1992, the final evolution of the "self-cascade" concept, named "Brushless Doubly-Fed Machine," emerged [5] . In this paper, it is called "brushless doubly-fed induction machine" (BDFIM).
Also, in the 1990s, the use of the BDFIM in wind power generation systems was outlined in different experimental studies [6] . At the present time, the large increase in wind generation could even impel the final development of wind systems with BDFIM.
In electrical power systems with a high percentage of wind power (e.g., in Spain, it reaches 10%), the employment of variable-speed wind turbines is essential in order to regulate the electrical energy generated. Nowadays, most variable-speed wind turbines use a DFAM because the electronic converter power requirement is lower than the electrical generator's rated power.
A hypothetical BDFIM wind generator would also use a reduced-power electronic converter, and it would also have other advantages in wind systems, e.g., the BDFIM is a brushless machine, which simplifies its maintenance; moreover, it can operate at lower speeds than the DFAM, which could benefit the design of the gear box [7] .
As regards the physical configuration, the BDFIM has two isolated three-phase stator windings, the power winding and the control winding, which are supplied at different voltages and frequencies. Whereas the power winding has p p pole pairs and is connected directly from the electrical network, the control winding has p c pole pairs and is excited from a variable voltagefrequency converter. The rotor has a specialized cage structure with a number of identical sections, or nests, N r , which is equal to the sum of the pole pairs of the two stator windings. Each nest is composed of a set of concentric loops.
To introduce both stator windings in the same frame, it is necessary to use a slightly larger size in the BDFIM that in conventional induction machines. A comparison of 10 HP machines is provided in [8] .
Few references have been found on the evaluation of the magnetic flux density distribution (M.F.D.) in the BDFIM air gap. Perhaps, one of most rigorous mathematical models of the BDFIM was developed in [9] , applying the complex conductor distribution for the rotor nests. This model, based on the generalized harmonic analysis, was developed for a specific configuration of the rotor nests (with isolated loops) through the calculation of equivalent impedances only useful for this configuration. The performance predictions made using this BDFIM model and the measurements made on a laboratory test machine were compared, resulting in very good correlation in key parameters such as torque, current in the power winding, and current in the control winding [10] .
Although basic BDFIM theory exactly defines the number of nests in the cage structure (each nest can be constructed with different connections between bars), the bibliography lists some configurations with isolated nests, others with nests sharing bars, and even some with bars whose ends are connected by conducting rings [8] , [9] . With these configurations, the calculation of the impedances involved in the model developed in [9] could be a complex process.
That is why the previous model might not be the most suitable tool for comparing the behavior of several BDFIMs with different rotor configurations when attempting to optimize their design. In this case, the study of the relationship between the rotor cage structure and the M.F.D. in the air gap could be very interesting to compare and to optimize the BDFIM design.
In this paper, we present an alternative formulation of the BDFIM operating principle based on the interaction of all magnetic fields created by the stator windings and the specialized rotor cage. For this purpose, the fundamental BDFIM equation is obtained using a simple formulation from idealized configurations of the stator windings and the rotor structure.
In addition, all the harmonic components of the M.F.D. in the air gap are perfectly defined in a BDFIM with idealized windings. By doing so, the paper provides a new test methodology and a standard that may be used to contrast the fields created by several real BDFIMs.
II. ALTERNATIVE FORMULATION
The electromagnetic performance of the BDFIM was analyzed in [11] using simple equations. In that paper, the concept of "cross coupling" between both stator windings via the field created in the rotor nests was described. This "cross coupling" mechanism is essential for the suitable operation of the BDFIM in synchronous mode.
In this paper, all the magnetic field components created by the rotor nests are described using simple equations as well. It will be demonstrated that only two of these components cause the "cross coupling" mechanism, whereas the rest do not facilitate the operation of the BDFIM.
To simplify the analysis, the following assumptions are made: the magnetic circuit is linear, the supplies to both stator windings are three-phase balanced sinusoids, the air gap has a constant thickness, and finally, the value of the permeability of vacuum is negligible compared to the iron core permeability. Certain ideal conditions diverge from reality as the machine size increases. For example, in full-scale generators, the eccentricity of the shaft necessarily produces variable gaps, with effects on the M.F.D. in the air gap, which are not considered in this paper and that are left for future research. Nevertheless, the condition of linear magnetic circuit could be maintained in a full-scale generator if the design induction level is low.
To avoid the application of a generalized harmonic analysis, the specialized cage structure with N r nests is substituted by an ideal winding with p r pole pairs whose turns are arranged by the rotor surface, according to (1) : ("N r = p r " will be demonstrated later)
where N is the maximum number of conductors for the peak value of the ideal sinusoidal distribution, and n r is the number of turns located in angular position α r , which is expressed in a coordinate reference frame fixed to the rotor.
There exist certain analogies between this rotor concept and the rotor of the brushless doubly-fed reluctance machine [12] , and these analogies still exist with the concept of mixed rotor of reluctances and nests, as was shown recently [13] .
Given these initial considerations, in the next sections, we analyze the magnetic fields created by the stator windings, the "cross-coupling" mechanism and the "direct-coupling" mechanism.
A. Magnetic Fields Created by the Stator Windings
Two magnetic fields are generated in the BDFIM when the power and control windings are supplied with three-phase balanced voltages. The M.F.D. established in the air gap by both windings can be expressed as follows [9] :
In the previous equations, ω p and ω c are the supply angular frequencies of both the power and control stator windings, Ω r is the rotor speed, and α r the angle expressed in a coordinate reference frame fixed to the rotor.
The distribution B p (α r , t) induces an electromotive force (E.M.F.) in each rotor conductor that can be evaluated by applying Faraday's law
where l is the conductor length and r the rotor radius. The suffixes r, p are employed to designate the rotor magnitudes that are generated by the field created when the power winding is excited.
The induced E.M.F. generates a current in the conductor with the same angular frequency and a phase angle that is dependent on the impedance angle of the conductor. However, in order to determine the pole pair number of the magnetic field components and their speeds, it is not necessary to deal with the phase angle
This current produces a magnetomotive force (M.M.F.) whose expression is
Applying Ampere's law, the M.F.D. established by the rotor currents is determined by the M.M.F.
where µ 0 is the permeability of vacuum and δ is the air gap length. Substituting in (8) yields
with
Using a similar procedure, starting from B c (n r , t), the M.F.D. established by the rotor currents is determined as
The suffixes r, c are used to designate the rotor magnitudes that are generated by the field created when the control winding is excited.
B. Analysis of the "Cross Coupling"
The operation of the BDFIM in synchronous mode is due to the "cross-coupling" mechanism that appears between both stator windings [11] . The "cross-coupling" mechanism occurs when the following conditions are observed. [14] 
Since cos (θ) = cos (−θ), it follows that [14] 
Since cos (θ) = cos (−θ), we obtain
Therefore, the "cross-coupling" mechanism only takes place under the operating condition indicated in (16) and (18). This condition is the same as the one presented in [9] and [11] , but it has been obtained in a different way, and it is the basic equation of the operation of the BDFIM in synchronous mode. This operating mode is characterized by having a speed that does not depend on the torque, and is only dependent on the frequency of the control winding
In the previous equation, the (−) sign indicates that the sequence of the three-phase supply voltage for the control winding is different from the power winding sequence. The speed obtained when the control winding is excited with direct current (f c = 0) is called "synchronism natural speed" or 'natural speed' (Ω N ).
The M.F.D.s B r,p1 with (p p + p r ) pole pairs and B r,c1 with (p c + p r ) pole pairs constitute part of the leakage flux of the BDFIM, and they rotate in the machine in the same direction as B p and B c , respectively (with respect to a coordinate reference frame fixed to the rotor).
C. Analysis of the "Direct Coupling"
In the operation of the BDFIM in synchronous mode, a "direct coupling" mechanism also appears, as in the conventional induction machine. According to this mechanism, the rotor winding must generate a magnetic field with the same pole pair number as the stator field and same rotational speed. However, the M.F.D.s B r,p1 and B r,c1 have a pole pair number different from those of the "direct coupling" field (p p and p c ).
To justify the "direct coupling" mechanism with this alternative formulation, it is necessary to provide or conduct a more detailed analysis of all the magnetic fields. 
According to (19) For the M.F.D.s generated by B c , it might obtain a similar figure by changing the suffixes "p" and "c." 
III. EXPERIMENTAL RESULTS

A. Experimental Machine
The power winding (p p = 5) and the control winding (p c = 2) have been wound in the iron stator core from a conventional induction machine (length 190 mm; inner diameter 140 mm; 36 trapezoidal slots). Both stator windings are double-layer located in all the stator slots. The choice of p p and p c numbers is the result of the theoretical study presented in [15] .
The 28-slot rotor core comes from the same conventional induction machine (length 190 mm; diameter 139.4 mm). It has been furnished with 7 (5 + 2) nests, each consisting of two loops that were fabricated by placing several straight copper bars in the slots. These rotor bars are insulated from the rotor core to avoid the interbar currents that degrade the performance of the BDFIM [16] . The rotor of the resulting prototype is shown in Fig. 2 in different stages of its manufacturing process.
The power winding and the control winding must have different pole pair numbers in order to avoid a direct magnetic coupling. In this paper, we have chosen two prime numbers (5 and 2) for the pole pair so as to avoid the possible direct magnetic coupling of the spatial harmonics of the power and the control windings as well.
The main design details of the resulting machine windings are shown in Table I . The experimental BDFIM is mechanically coupled to a dc machine. The power winding is supplied from a 50 Hz electrical network via an autotransformer and its control winding is supplied from a variable-frequency variable voltage generator set. This generator set comprises a high-inertia synchronous generator coupled to a regulated dc motor. The synchronous generator is used in preference to an electronic converter to avoid harmonics in the supply.
B. Tests Description
The main objective of the tests is to demonstrate the existence of the M.F.D.s that were predicted by the proposed new formulation. To achieve this objective, it is necessary to analyze separately the influence of each stator winding on the magnetic field created by the rotor nests.
The tests were carried out with the experimental machine in the following conditions. 1) One stator winding is excited while the other one is in an open-circuit condition. 2) Its speed is fixed by the coupled dc machine.
3) The E.M.F. induced in a search coil placed on the stator is recorded by means of an oscilloscope with 25 MSPS acquisition rate and 60 MHz bandwidth. This search coil is placed on the inner diameter surface of the stator, near the slot opening, close to the air gap whose M.F.D. is to be verified. The experimental results will be presented for low excitation voltages in order to avoid the effects of magnetic saturation in the M.F.D. Moreover, the experimental machine is designed in conditions of simultaneous excitation of both stator windings, whereas in these tests, only one of them is supplied.
For determining the M.F.D. components in the experimental machine, a frequency analysis of the E.M.F. induced in the search coil is performed. To verify the pole pair number of M.F.D. components, the tests are carried out at several speeds of the rotor.
In the next section, several test results are presented exciting the power winding or the control winding. 
C. Test Results
1) Exciting the Power Winding:
The tests were carried out at a constant power winding voltage, 170 V, and a power winding frequency of 50 Hz, with the control winding in an open circuit. For these tests, a search coil with four turns and the same pitch as the control winding (eight teeth) was used.
According to the proposed formulation, the M.F.D. in the air gap of the BDFIM should have the following components.
1) A 5-pole-pair component (p p ) that couples with the power winding ("direct-coupling"), thereby inducing an E.M.F. component of 50 Hz in the search coil. 2) A 2-pole-pair component (p c ) that couples with the control winding ("cross-coupling"), thereby inducing an E.M.F. component in the search coil with the frequency of the control winding excitation (in synchronous mode operation)
In the previous equation, n r is the rotor speed (in r/min) and the (+) sign is valid when n r > n N whereas the (−) sign is used if n r < n N . (Figs. 3 and 4) . Their harmonic decompositions are presented in Figs. 5 and 6, respectively. In these figures, the harmonic components predicted by the alternative formulation are marked.
Applying (24) to the 478.15 r/min speed yields a frequency of 5.8 Hz for the cross-coupling component of the M.F.D. The remaining components induce frequencies according to (25). In Table II , these calculated frequencies are shown close to the frequencies that were measured in the test (Fig. 5) .
Likewise, a speed of 274.5 r/min yields a frequency of 18 Hz for the cross-coupling component. Table III shows the calculated (25) and the measured frequencies ( There is also good agreement in the remaining components between the calculated frequencies predicted by the new formulation and the frequencies measured in the tests (Tables II and  III) .
2) Exciting the Control Winding: After validating the proposed formulation regarding the field created by the power winding, in this section, it is confirmed regarding the field created by the control winding. According to the proposed formulation, the M. 
As an example, the test results with 478.15 r/min are presented. In this test, the control winding was excited to 37 V and 6 Hz and a search coil with four turns and the same pitch as the power winding (three teeth) was utilized. The E.M.F. induced in the search coil was recorded (Fig. 7) and its harmonic decomposition is presented in Fig. 8 .
Applying (24) to the 478.15 r/min speed and f c = 6 Hz yields a frequency of 49.78 Hz for the cross-coupling component of the M.F.D. The remaining components induce frequencies according to (26). In Table IV , these calculated frequencies are shown close to the frequencies that were measured in the test (Fig. 8) . There is also good agreement in the remaining components between the calculated frequencies predicted by the new formulation and the frequencies measured in the test (Table IV) .
Therefore, the new formulation proposed in this paper is validated. These frequencies establish the standard that characterizes the magnetic field component generated with the combination of p p = 5 and p c = 2 in the BDFIM.
The new formulation is valid for any BDFIM configuration, regardless of its size, rating, pole pair number, type of magnetic circuit, etc., because only the condition of sinusoidal distributed windings was imposed in developing it.
Nevertheless, the test results show additional frequencies not predicted by the proposed formulation. These frequencies are due to the harmonic fields that appear because the rotor cage and the stator windings are not ideal windings (i.e., they are not sinusoidally distributed.
If the rotor configuration differs from that of the nested rotor that has been utilized in this paper, other additional frequencies could appear, in addition to those predicted by the proposed theory. 
IV. CONCLUSION
At the present time, the development of wind power generation in the world could be an important incentive for the application of BDFIM. It could be an alternative to the DFIM in variable-speed wind generation systems. Thus, research on improving this machine could have important implications for wind power generation.
In this paper, we presented an alternative formulation of the operating principle of BDFIM in synchronous mode. This new formulation was used to deduce not only the well-known conditions for operation in synchronous mode, but also to evaluate the M.F.D. in the BDFIM air gap. The harmonic components of the M.F.D. were characterized according to their pole pair numbers and rotational speeds. Finally, the proposed formulation was validated in a prototype test machine.
A way to improve the performance of the BDFIM could be through the optimization of the rotor configuration. To this end, the M.F.D. characterization obtained in this paper could be considered a pattern, which could be used in comparing the various magnetic fields created by different rotor configurations.
As a previous stage to the development of a BDFIM prototype with new rotor configurations in future studies, it could be interesting to implement the test methodology developed in this paper using a finite-element software package. It would be useful in prevalidating the synchronous mode operation of the BDFIM. 
